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Abstract 
To understand the mechanism of annexin V-membrane interactions, we measured the interaction of human recombinant annexin V 
with phospholipid monolayers with differing head group and acyl group structures. Annexin V interacted with anionic phospholipid 
monolayers via non-specific electrostatic nteractions, which was highly dependent on the surface pressure of monolayer with a sharp 
maximum. The unique surface pressure dependence of the annexin V-monolayer binding is strikingly similar to that observed for the 
binding of Ca 2+ to anionic phospholipid monolayers, which indicates that the annexin V-bound Ca 2- binds two phospholipids at the 
membrane surface and that factors governing the Ca2--phospholipid complex formation regulate the overall annexin V-Ca:--membrane 
interactions. 
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1. Introduction 
Annexins are a family of cytosolic proteins which inter- 
act with the membrane containing anionic phospholipids in
a Ca:+-dependent manner (for recent reviews, see [1,2]). 
Although these proteins have been found in many tissues 
and show a wide variety of in vitro activities, their exact 
physiological roles remain unknown. Since biological ac- 
tivities of annexins depend mainly on their ability to 
interact with biological membranes, annexin-membrane 
interactions have been extensively studied by a wide vari- 
ety of physico-chemical techniques. In particular, annexin 
V has been most thoroughly characterized thanks to its 
well-defined tertiary structure and availability. Several ines 
of evidence have indicated that annexin V interacts with 
membranes primarily electrostatically [3,4] and forms an 
aggregate on the membrane surface [5.6]. Also, it has been 
generally believed that calcium ions mediate electrostatic 
interactions between annexin and phospholipids [4,7,8]. 
Indeed, X-ray crystallographic analyses of annexin V have 
revealed that this predominantly a-helical protein has sym- 
metrical arrangement of four subdomains with multiple 
Ca-" binding sites in the putative membrane-binding sur- 
face [9-11]. However. the mechanism of Ca 2--dependent 
annexin V-membrane interactions, including the stoi- 
chiometry of annexin-CaZ--phospholipid complex, is not 
fully understood yet. To better understand the mechanism, 
we have measured the interaction of human annexin V 
with various phospholipid monolayers. Results described 
herein indicate that each annexin V-bound Ca 2- binds two 
phospholipids at the membrane surface and that factors 
affecting Ca2--phospholipid complex formation, including 
surface charge and phospholipid head group spacing, gov- 
ern the overall annexin V-Ca-'--membrane interactions. 
2. Materials and methods 
Abbreviations: DOPC, 1.2-dioleoyl-sn-glycero-3-phosphocholine: 
DOPS, 1.2-dioleoyl-sn-glycero-3-phosphoglycerol: EGTA. ethyleneglycol 
bis(/3-aminoethyl ether)tetraacetic acid: POPC. l-palmitoyl-2-oleo~l-sn- 
glycero-3-phosphocholine: POPG, 1-palmitoyl-2-oleoyl-sn-gtycero-3- 
phosphoglycerol: POPS, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho- 
serine. 
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2.1. Materials 
The annexin V gene was a generous girl from Dr. 
Michael Jaye (Rorer Biotechnology). l-Palmitoyl-2- 
oleoyl-sn-glycero-3-phosphocholine (POPC), -glycerol 
(POPG) and -serine (POPS), 1,2-dioleoyl-sn-glycero-3- 
phosphocholine (DOPC) and -serine (DOPS) were all pur- 
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chased from Avanti Polar Lipids. Phospholipid concentra- 
tions were determined by phosphate analysis [12]. 
2.2. Expression and purification of annexin V 
The annexin V gene was subcloned into the pET-21- 
d (+)  vector (Novagen) and then transformed into 
BL21(DE3)pLysS cells for protein expression. Typically, 
cells were grown in 2 X 1 1 of Luria broth containing 50 
/xg/ml of ampicillin at 37°C. When the absorbance at 600 
nm reached ca. 0.4, isopropyl fl-D-thiogalactopyranoside 
was added to a final concentration of 1 mM. The cells 
were allowed to grow at 37°C for 3 h and then placed on 
ice for 30 rain before being harvested by centrifugation 
(5000 × g, 10 min, 4°C). The cells were re-suspended in
20 mM Hepes, pH 7.4 containing 1 mM EGTA and 0.16 
M NaC1 and then were lysed by a freeze/thaw method. 
The cell lysate was centrifuged for 3 h at 100000 × g at 
4°C. To the supernatant were added 1 mM POPS/POPC 
(7:3) multilamellar liposomes and 5 mM CaC12 and the 
mixture was shaken on ice for 20 min. The solution was 
centrifuged at 100000 × g at 4°C for 2 h. The pellet was 
re-suspended in 20 mM Tris-HCl, pH 8.0 containing 10 
mM EGTA, 0.16 M NaCI, and the solution was cen- 
trifuged at 150000 × g at 4°C for 2 h. The supernatant 
was concentrated and desalted in an ultrafiltration chamber 
using a YM-10 membrane (Amicon). The sample was 
applied to a Mono-Q column (Pharmacia), connected to 
the fast protein liquid chromatography s stem (Pharmacia) 
and equilibrated with 20 mM Tris-HCl, pH 8.0. The 
protein was eluted with a linear gradient from 0 to 1 M 
NaC1 in the same buffer. The annexin peak emerged at 
0.25 M NaCI and showed a single band with an expected 
molecular mass (35 kDa) on a SDS-polyacrylamide elec- 
trophoresis gel. Protein concentration was determined by 
the bicinchoninic acid method [13]. 
2.3. Monolayer measurements 
Surface pressure (~-) of solution in a circular Teflon 
trough was measured using a du Nouy ring attached to a 
computer-controlled Cahn electrobalance (Model C-32) as 
described previously [14]. The trough (5 cm diameter × 1 
cm deep) has a 0.5 cm deep well for magnetic stir bar and 
a small hole drilled at an angle through the wall to allow 
an addition of protein solution. 10 to 20 /xl of phospho- 
lipid solution in ethanol/hexane (1:9 (v/v))  was spread 
onto the subphase containing 10 mM Hepes, pH 7.4, with 
0.16 M NaCI, 1 mM CaCI 2 to form a monolayer with a 
given initial surface pressure (Tro). It was shown that Na + 
or K + significantly displaced Ca 2+ bound to the phospha- 
tidyl serine monolayer and thereby prevented the conden- 
sation of monolayers [15]. We found that due to the 
presence of 0.16 M NaC1 in the subphase Ca 2+ did not 
cause any detectable condensation of anionic phospholipid 
monolayers under our experimental condition. Once the 
surface pressure reading of monolayer became stable (after 
ca. 1 min), the protein solution was added to the subphase 
and the change in surface pressure (A~-) was measured as 
a function of time at 23°C. Typically, the ATr value 
reached a maximum after 5 rain. The maximal A~- value 
depended on the protein concentration at the low concen- 
tration range and reached a saturation when the protein 
concentration was higher than 0.I /xM. Protein concentra- 
tions were therefore maintained above 0.1 /xM to ensure 
that the observed zl~- represented a maximal value and 
that a loss of protein by the adsorption to the trough wall 
was negligible. Surface pressure-area (~--A) isotherms were 
measured by a Lauda Surface Film Balance FW2 (Brink- 
mann) using the same subphase buffer. 
3. Results 
Phospholipid monolayers are an excellent model mem- 
brane in which the penetration of protein into phospho- 
lipids can be sensitively monitored in terms of the change 
in surface pressure (A~-) [16]. It was previously reported 
that annexin VI did not significantly penetrate monolayers 
of various phospholipids (i.e,, ATr = 2 to 6 dyne/cm) but 
instead formed an array of two-dimensional crystal on the 
monolayer surface [17]. To systematically analyze the 
interactions of annexin V with monolayers, we measured 
the interaction of annexin V with a wide variety of phos- 
pholipid monolayers with differing head group and acyl 
group structures. We first measured the CaR +-dependent 
penetration of annexin V into POPS, POPG and POPC 
phospholipid monolayers as a function of their initial 
surface pressure (~ro); a higher 7r o value indicates higher 
phospholipid packing density. POPC, POPG and POPS 
showed essentially identical surface pressure-area 
isotherms (data not shown) and thus have the identical 
head group spacing at a given surface pressure despite 
some potential differences in acyl group conformations 
[18]. In the absence of Ca 2+, annexin V resulted in no 
detectable increase in surface pressure toward any mono- 
layer with 7r o up to 24 dyne/cm (data not shown). As 
shown in Fig. 1, annexin V injected into the subphase in 
the absence of phospholipid monolayers or in the presence 
of zwitterionic POPC monolayer did not show any de- 
tectable change in surface pressure, indicating that annexin 
V per se is not a surface-active protein. Annexin V pene- 
trated into anionic POPS and POPG monolayers but the 
degree of penetration was, in general, much smaller than 
that caused by other surface-active proteins, which nor- 
mally reaches up to 15 dyne/cm [16]. Also, annexin V 
showed no detectable penetration to any phospholipid 
monolayers in the presence of 1 M NaCI in the subphase 
(Fig. 1). Taken together, these results are consistent with 
the notion that the binding of annexin V to phospholipid 
monolayers i  largely driven by non-specific electrostatic 
interactions without substantial membrane penetration [3]. 
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Fig. 1. Effect of initial surface pressure of monolayers on the penetration 
of annexin V. The monolayers used were POPS (O), POPG (11). and 
POPC (•).  The protein concentration in the subphase (10 mM Hepes, pH 
7.4, with 0.16 M NaC1 and 1 mM CaC12) was 0.15 /xM. The penetration 
of annexin V into the POPS monolayer was also measured in the 
presence of 1 M NaC1 in the subphase (10 mM Hepes, pH 7.4, with 1 M 
NaC1 and 1 mM CaC12) (Q). Each data point represents the average of 
three measurements. 
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Fig. 2. Effect of initial surface pressure of mixed monolayers on the 
penetration f annexin V. The monolayers u ed were POPS/POPC (7:3) 
( ,x ), POPS/POPC (3:7) (O). POPG/POPC (7:3) ( • ) and POPG/POPC 
(3:7) (O). The protein concentration in the subphase (10 mM Hepes, pH 
7.4, with 0.16 M NaCI and 1 mM CaCI,) was 0.15 /,tM. Each data point 
represents the average of three measurements. 
Most importantly, the ATr vs. 7r o plot for POPS and 
POPG monolayers howed a sharp maximum, indicating 
the presence of an optimal phospholipid packing density 
(or head group spacing) for the annexin V-monolayer  
interactions. To better understand the origin of the unique 
surface pressure dependence of the annexin V-anionic  
phospholipid interactions, we measured the Ca2+-depen - 
dent penetration of annexin V into the mixed monolayers 
of POPS/POPC and POPG/POPC,  respectively, with 
vary ing compos i t ions ;  i.e., POPS/POPC (7:3), 
POPS/POPC (3:7), POPG/POPC (7:3) and POPG/POPC 
(3:7). As shown in Fig. 2, ATr vs. % plots for these 
mixed monolayers also showed sharp maximums. Toward 
the POPS/POPC (3:7) mixed monolayer, for instance, the 
ATr value increased with an increase in ~'o, reaching a 
maximal value of 3.5 dyne/cm at % = 16 + 1 dyne/cm,  
then sharply decreased as 7r o further increased. For the 
POPS/POPC (7:3) mixed monolayer, the same pattern 
was observed but the maximal ATr value occurred at 
% = 11 + 1 dyne/cm.  As shown in Fig. 2, POPG/POPC 
mixed monolayers howed essentially the same behaviors. 
For both types of mixed monolayers, the optimal ¢r o 
shifted to a lower value with the increase in the proportion 
of anionic phospholipid in the mixed monolayer, which 
again underscores the importance of the head group spac- 
ing between anionic phospholipids. Finally, we measured 
the interaction of annexin V with phospholipid monolayers 
with differing acyl chain compositions, i.e., mixed mono- 
layers of DOPS/DOPC (3:7), DOPS/DOPC (7:3). As 
shown in their force-area curves (Fig. 3), DOPC (or 
DOPS) molecules with two c is -unsaturat ions  occupy a 
higher surface area than POPC (or POPS) molecules with 
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Fig. 3. Surface pressure-area curves for POPC (solid line) and DOPC 
(broken line). Curves for POPS monolayer and POPS/POPC mixed 
monolayers were identical to that for POPS monolayer while DOPS 
monolayer and DOPS/DOPC mixed monolayers all showed the same 
curve as DOPS monolayer. Each curve was drawn from a minimum of 
five independent measurements. 
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Fig. 4. Effect of initial surface pressure on the penetration of anne×in V 
into DOPS/DOPC (7:3) (• )  and DOPS/DOPG (3:7) (O) mixed mono- 
layers. The protein concentration in the subphase (10 mM Hepes, pH 7.4, 
with 0,]6 M NaCI and 1 rnM CaC] 2) was 0.]5 /~M. Each data point 
represents the average of three measurements. 
only one cis-unsaturation, thereby having a larger head 
group spacing. Compared to POPS/POPC mixed mono- 
layers, DOPS/DOPC mixed monolayers hould thus be 
compressed to a higher surface pressure to attain the same 
surface area per molecule that is a direct indicative of 
phospholipid head group spacing. In agreement with this 
notion, A~- vs. 7r o plots for the DOPS/DOPC monolayers 
(Fig. 4) showed a pattern similar to that observed for the 
POPS/POPC monolayers but with maximums hifted to 
higher values (Table 1). Most importantly, different opti- 
mal % values for DOPS/DOPC (7:3) and POPS/POPC 
(7:3) monolayers correspond to essentially the same sur- 
face area per molecule value (Table 1) and the same is true 
for DOPS/DOPC (3:7) and POPS/POPC (3:7) mixed 
monolayers. 
Table 1 
Parameters for surface pressure dependence of the annexin V penetration 
into various phospholipid monolayers 
Phospholipids Optimal surface Optimal surface 
pressure (dyne/cm) area (,~2/molecule) 
POPS 10_+ 1 122 + 5 
POPS/POPC (7:3) 11 _+ 1 120+_ 5 
POPS/POPC (3:7) 16+1 110+5 
DOPS/DOPC (7:3) 16+_1 115+5 
DOPS/DOPC (3:7) 21 _+ 1 108 +_5 
Optimal surface pressure values were determined from Figs. 1, 2 and 4. 
Optimal surface area values were calculated from corresponding optimal 
surface pressure values using surface pressure-area curves in Fig. 3. 
4. Discussion 
The monolayer penetration studies described herein 
show that the annexin-membrane binding is largely driven 
by non-specific electrostatic interactions. It was previously 
reported that Ca 2+ bound to anionic phospholipid mono- 
layers but not to phosphatidyl choline monolayers [15]. 
Also, the binding of Ca 2+ to the anionic phosphatidyl 
inositol monolayer showed a sharp maximum as a function 
of phospholipid packing density, which was interpreted as 
the result of preferential formation of a ternary complex 
between one metal ion and two phospholipids [19]. Inter- 
estingly, the sharp maximum in the ATr vs. 7r o plot for the 
binding of annexin V to monolayers i  strikingly similar to 
that observed for the Ca2+-monolayer binding. Also, the 
optimal surface area per molecule for the annexin-POPS 
monolayer binding (122 +_ 10 ,~2/molecule) is reasonably 
consistent with the optimal surface area per molecule for 
the Ca 2+ binding to phosphatidyl inositol monolayer (ca. 
100 ,~2/molecule) [19]. The modest difference could be 
accounted for in terms of the difference between free Ca 2+ 
and protein-bound Ca 2+. Taken together, these similarities 
point to the importance of the CaZ+-phospholipids binding 
in the overall annexin V-CaZ+-membrane binding and also 
indicate that annexin V-bound CaZ+might bind two an- 
ionic phospholipid molecules on the membrane surface in 
the course of the annexin-membrane i teractions. Indeed, 
the tertiary structures of annexin V show that high affinity 
Ca 2+ binding sites contain two water molecules as a 
ligand, which could be replaced by two phospholipids in 
the putative annexin V-CaZ+-phospholipids [2,10,11]. Re- 
ported Ca2+-binding stoichiometries of annexin V vary 
from 5 to 12 mol of CaZ+/mol of protein [10,20]. Based 
on these values, an annexin V molecule is expected to bind 
10 to 24 anionic phospholipid molecules, which is consis- 
tent with reported values [9,21]. Finally, results from the 
binding of annexin V to mixed monolayers with different 
compositions indicate the formation of anionic phospho- 
lipid domains in the process of annexin V-monolayer 
binding. This notion is based on the finding that the 
optimal surface area per molecule value for the 
POPS/POPC (7:3) mixed monolayer (see Table 1) is 
essentially the same as that for pure POPS monolayer. 
Also, the difference in optimal surface area per molecule 
between POPS/POPC (7:3) and POPS/POPC (3:7) mixed 
monolayers i not as large as expected from their signifi- 
cantly different compositions. Thus, it appears that the 
regions of monolayer interacting with annexin V contain 
mostly anionic phospholipids. It is less likely, however, 
that annexin V binds the anionic phospholipid omain 
pre-formed by Ca 2+ because Ca 2+ does not induce the 
formation of anionic phospholipid omains in the absence 
of annexin V under our experimental condition [15] (also 
see Section 2). Presumably, the phospholipid omain for- 
mation is caused by the annexin V molecule containing 
multiple binding sites for the calcium ions which in turn 
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bind a large number of anionic phospholipids. The mecha- 
nism of the anionic phospholipid omain formation and 
the interplay between phospholipid and protein aggrega- 
tion at the membrane surface are currently under investiga- 
tion. 
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